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Micropuncture studies of single nephrons have offered an
abundant amount of information on many aspects of fundamen-
tal glomerular and tubular function. The methodology has been
especially useful in determining the localization and quantita-
tion of transport processes within the nephron. With appropri-
ate advances in chemical and electrical quantitation, it has also
clarified some of our understanding of essential transport mech-
anisms. The purposes of this presentation are; first, to set the
historical development of micropuncture; second, to summa-
rize the contributions of micropuncture to our understanding of
renal physiology; and finally, to speculate as to future expecta-
tions from micropuncture techniques in renal research. It is not
the intention of this presentation to review the technical details
of micropuncture. These aspects have been adequately dealt
with elsewhere [1—91.
in the early 1920s, Joseph T. Wearn joined Professor A.N.
Richards in the position of a research assistant. Dr. Richards
suggested a project which involved inserting a glass micropi-
pette into the superficial glomerulus of the frog kidney and
injecting epinephrine and pituitrin to evaluate their effects on
the glomerular vessels [10]. This suggestion led Wearn to test
the feasibility of using glass micropipettes to collect glomerular
filtrate for evaluation of fluid content [11]. Testing of the fluid
for protein, sugar, chloride, urea and various dyes elaborated
by the frog's glomerulus directly proved that a protein—free fluid
is separated from the blood stream as it passes through the
glomerular capillaries. From these beginnings, renal micro-
puncture as we know it evolved. Subsequently, Richard's
laboratory became legendary as the site for skills and precision
in micropuncture techniques [6, 71. In addition, directly con-
firming Cushny's theory of urine formation, Wearn and
Richards demonstrated that two substances, sodium chloride
and glucose, both normal constituents of blood plasma, are
found in the glomerular fluid but not the bladder urine of fasting
dormant frogs, providing without a doubt that the reabsorption
of these substances must take place in the renal tubules [10, 111.
These workers went on to define glucose, chloride, phosphate
and osmolar reabsorption in the amphibian kidney [12—17].
With the same techniques, Montgomery and Pierce localized
the site of acidification along the renal tubule [181. Needless to
say, the principal site of solute transport within the nephron
was the proximal portion of the convoluted tubule [121. This
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work was summarized in the Croonian lecture given by Rich-
ards in 1938 [12]. Subsequently, Walker and Oliver applied
these micropuncture techniques to the mammalian kidney [19,
20]. From these simple beginnings, many innovations have been
implemented in micropuncture to answer specific questions in
renal physiology (Table 1).
Studies using free—flow micropuncture have provided a direct
description of water and solute reabsorption in the nephron
segments accessible to the micropuncture pipette. Beginning
from the glomerulus, glomerular function is often inferred from
findings on the whole kidney filtration rate because the gb-
meruli of the mammalian kidney, unlike the frog, normally lie
below the surface of the kidney and are therefore unavailable
for micropuncture. However, an occasional glomerulus may be
observed on the surface. Micropuncture of these occasionally
available glomeruli provided evidence that a nearly ideal ultra-
filtrate of plasma is elaborated by the glomerular wall [201. More
recently, the discovery in K. Thurau's laboratory of a strain of
Wistar rat (called the Munich—Wistar strain), that frequently
have glomeruli on the surface has enabled the direct evaluation
of glomerular function [21].
Studies using free—flow micropuncture have provided a direct
description of water and solute reabsorption in the nephron
segments accessible to the micropuncture pipette. With the use
of inulin and the appropriate chemical analysis, the concentra-
tion profile along the nephron may be determined. The acces-
sible tubule segments which may be directly examined include
the proximal convoluted tubule and distal convoluted tubule.
The segments between these accessible sites, the ioop of Henle,
including portions of S2 and S3 of the proximal tubule, thin
descending limb, thick ascending limb, and the distal tubule
may be inferred from the differences in solute deliveries to the
respective collection sites. Also some data may be inferred by
comparing the solute deliveries into the final urine with those at
the distal tubule. This ignores the possibility of functional
internephron heterogeneity between superficial and deep neph-
rons [22—24]. To circumvent these inferences, a number of
workers have directly sampled the descending and ascending
limbs of the papillary loops of Henle as well as the papillary
collecting ducts [25—331. Wirz first used micropuncture to
sample fluid from the papilla of young rats which protrudes, at
this age, into the renal pelvis [34]. Another innovation has been
developed to study the collecting duct system [35—44]. Jarausch
and Ulirich first used catherization to collect tubule fluid from
the collecting duct [35]. A microcatheter is inserted into the tip
of the papilla and advanced up the collecting duct so that the
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Table 1. Micropuncture techniques
Technique Application
Free--flow micropuncture
glomerulus (Munich Wistar rat)
superficial proximal and distal
nephron
papillary micropuncture
collecting duct micropuncture
and microcatherization
recollection micropuncture
Microinjection
microinjection
microperfusion
— localize transport
— glomerular function
— concentration profile of super-
ficial nephrons
— concentration at bend of ioop
— concentration profile of deep
nephron
— determine controls of reab-
sorption
— fractional reabsorption in seg-
ments not available for micro-
puncture
Split—droplet
stationary microperfusion
shrinking droplet
— assess limiting gradients
— measure fluid transport rates
Microperfusion
continuous microperfusion - determine bidirectional fluxes
— use of artificial luminal and
peritubular fluids
— control of flow rates
proximal and distal portions of the collecting tree can be
sampled. Micropuncture took another step forward with the
application of the recollection technique [451. This approach
allowed investigators to perform an experimental maneuver,
and compare fluid composition from the same site on a paired
basis during control and following the imposed influence.
Recollection micropuncture has contributed a great deal to our
understanding of factors controlling water and solute transport.
A number of variants of the micropuncture technique have
been devised to investigate the mechanics of solute and water
transport within the nephron. The microinjection technique
involves the injection of a small volume of fluid, containing
labelled inulin and tracer of interest, into superficial nephrons
[46, 47]. The urinary recovery of tracer is compared to the
recovery of inulin, which allows for an estimation of the
fractional reabsorption of the injected substance beyond the
microinjection site. The injectate may also be continuously
infused rather than injected as a bolus [48, 49]. Another method
of investigating solute flux is by continuous microperfusion of
specific tubule segments and subsequent collection downstream
to the perfusion site [50]. The advantage of this approach is that
one may artificially alter the intraluminal fluid composition and
control the flow rate into any given segment [49, 51, 52]. Also,
by including labelled solute in the perfusate one can discern
unidirectional solute movements by comparing the disappear-
ance rate with the cold solute concentration [49, 51, 531.
Another approach has been the use of luminal fluid droplets
injected into the tubule. Richards and Walker studied transport
in the Necturus nephron by inserting a fluid droplet into the
tubule and determining the alteration in size relative to the fluid
composition. Two modifications of this droplet technique have
been developed. First, Shipp and colleagues described a
method whereby a droplet was inserted between two oil col-
umns, left for a few seconds, and then collected for analysis of
solute composition [11. An unreabsorbable solute was added to
the droplet fluid to prevent water absorption. This has been
termed stationary microperfusion [54]. Second, Gertz and VU-
rich developed the shrinking droplet method for determination
of isotonic fluid reabsorption in the mammalian kidney [52, 55].
A droplet of isotonic saline is injected into an oil column within
the tubule, and the rate of disappearance of the droplet is
measured by serial microphotometry. These approaches are
respectively used to measure the development of limiting con-
centration gradients across the tubule wall and the absolute
determination of fluid absorption. Further, Ullrich and col-
leagues have developed an intriguing approach. They have used
a combination of the standing droplet technique and simulta-
neous perfusion of the peritubule capillaries to determine the
disappearance rates of various solutes across the epithelial
membranes. The concentration gradient generated by the half-
time disappearance rate is a measure of transport rate. This
novel approach has been extensively used to describe the
kinetic properties of proximal transport [56, 57]. The above
mentioned techniques of microinjection, microperfusion and
standing droplet may also be applied to the peritubule capillary
to alter the basolateral membrane environment and/or evaluate
basolateral membrane transport [58—641.
Although the flow rate in nephrons is relatively rapid, 30 to 50
nI/mm, the total volume at any given time is minute. For
example, the proximal tubule, with radius of 13 .r and a length
of 10 mm, contains 5 nI of tubule fluid. Smaller volumes are
contained in the superficial distal segments, about 0.2 to 0.3 nI.
Accordingly, collection rates may be long and the final collected
volumes are relatively tiny, This has given impedus to efforts in
developing ultra—microanalytical approaches to chemically de-
fine the composition of the tubule fluid. Ramsey and colleagues
were the first to develop cryoscopic and electrometric methods
for analyzing aqueous fluids for osmolarity and chloride, re-
spectively [65, 66]. These sensitive techniques are still widely
used today. Spectrophotometry [67—72], fluorophotometry
[73—78], helium glow photometry [79—81], and more recently,
electron microprobe spectrophotometry have been used in
tubule fluid analysis [80—841. These techniques have been
extensively applied to provide a large menu of analytical
delights. Three names in three separate laboratories deserve
special recognition, those of Wolfgang Hampel [67], Norman
Carter [85] and Gerald Vurek [73, 74, 79, 84]. These investiga-
tors have spent many hours developing analytical methodolo-
gies for specific use in micropuncture. Micropuncturists today
are able to analyze most elements and solutes of interest,
including C02, in ultraniicrovolumes that are normally col-
lected in the glass micropuncture pipette [85—901. New tech-
niques are constantly being developed to extend these capabil-
ities and facilitate the ease with which the aqueous fluids are
analyzed.
Micropuncture techniques require careful animal prepara-
tion, meticulous collection of fluid samples and precise ultra-
microanalyses; each step brings its specific difficulties and is
susceptible to technical errors [1—9, 91, 92]. Although it is not
the purpose of this review to criticize methodologies, a com-
ment should be made concerning the technical problems in-
volved in micropuncture since, occasionally, not enough atten-
tion is paid to them. In the early days of micropuncture and
microperfusion, before they became the indoor sports they are
today, laboratory discrepancies were hotly debated at meetings
and subsequently these debates found their way into responsi-
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ble journals. For instance, in the sixties an abundance of
material was published concerning the association of reahsorp-
tive rates with surface al-ca of the tubule. Does fluid absorption
proceed at a slow pace in the terminal segments of the proximal
tubule because of a relatively small absorption area or is it a
function of iritra-nephronal heterogeneity? Twenty— two peer
reviewed articles were published before a consensus was estab-
lished, More recently, there is a tendency to accept published
results without the extensive interchange that once was char-
acteristic of micropuncture data. This change in attitudes may
be due to the development and introduction of better, more
sensitive methods of micropuncture. For example, it was not
long ago that the transepithelial potential of the proximal tubule
was universally accepted to be in the order of 20 mV, lumen
negative with respect to the peritubule surface, Fromter rnetic-
ulously reassessed these measurements and concluded that the
true potential was much less, about —2 to —3 mV 193]. The
earlier measurements were apparently due to improperly local-
ized, partially collapsed cell potentials 194]. Subsequently,
FrOmter and others have demonstrated that early loops gener-
ate a lumen—negative potential up to —-2 mV, whereas interme-
diate and late loops generate a lumen—positive potential of up to
+2 my (Fig. 2). These observations were important in setting
our understanding of the mechanisms of ion transport across
the proximal tubule. Furthermore, as the proximal membrane
conductance (ionic permeability) is high, these small potentials
may drive significant reabsorptive ionic fluxes. Accordingly,
exacting care to published details and knowledge of individual
experiences have facilitated micropuncture and eliminated
many of the inter laboratory differences that were common in
the sixties. Nevertheless, discrepancies will arise fi'om time to
time which may not be explained solely on species differences;
the most readily used excuse for rationalization of technical
error.
in the next several pages, we would like to review the
contributions of the various approaches of micropuncture,
indicating where appropriate, some of the advantages and
limitations of its application.
Glomerular micropuncture has been used extensively to
describe the nature of glomerular filtration. Net filtration, the
initial step in the formation of urine, occurs at the gloinerulus
and involves the elaboration of a filtrate of blood. This filtrate is
brought about by the small imbalance of hydraulic pressure
(blood pressure) over the opposing oncotic pressure (blood
protein concentration). Obviously, understanding this filtration
process is fundamental to our current knowledge of'the essen-
tial workings of the kidney and to management of diseases
affecting renal filtration. In order to study these problems, Dr
Brenner and others have developed a number of micro-
techniques to directly measure capillary hydraulic and oncotic
pressures, thus permitting quantification of the pertinent pres-
sures, flows, and solute and fluid permeahilities 121, 95—98].
Moreover, the single nephron glomerular filtration rate
(SNGFR) may be determined with total timed collection of the
tubule fluid, the aid of a carefully placed distal oil block, and the
TFIP inulin ratio 1991. The glomerular wall has been shown to be
similar to other microcirculating beds except thai the perme-
ability is higher and physical pressures acting across the mem-
brane are more sensitively controlled by afferent and efferent
Table 2. (ilomerular filtration
Plasma
Concentration (ilomerular
mM
—
Fluid mM Ultrafllterabilitya
Na 145 145 100
Cl 115 121—123 l05—107
K 4.5 3.6—4.0 80—90
Ca 2.35 I.4—1.5 60—65
Mg 0.7 0.5—0.55 75—80
Pi 3.0 3.2—3.6 107—120
a Ultrafilterability was determined by micropuncture of superficial
glomeruli of Munich—Wistar rats and comparisons of the filtrate with
plasma cancentration.
Table 3. Composition of late proximal and mean distal tubule fluida
Tubule fluid
Late proximal
collection site
Distal
collection site
TF/P,flUI,n
TF/Posmoiaiiy
TF/PNa
TF/P1
TF/P
TF/PHcO3-
TF/UFC
TF/UFMg
TF/UF,
'FF/Prea
TF/Pgiucoso
2.5—3.0
1.01.05
1.0—1.05
1.1—1.25
1.0—1.2
0.3—0.4
1.2—1.25
1.7—1.9
0.7—0.8
1.5
0.2
10.0
0.20.4
0.20.5
0.20.5
0.2—5.0
0.2—0.3
0.2—0.5
0.3—0.6
0.7—0.8
2.0—3.0
0.1—0.2
a Ratios are: tubule fluid—to—plasma ('t'F/P) or tubule fluid—to—ultrafil-
terable (TF/UF) concentration ratios where appropriate.
arteriolar resistances. Accordingly, the SNGFR is exquisitely
regulated.
As mentioned above, the glomerular filtrate is free of protein
so that the fluid solute concentration is determined by the
respective protein binding and the Donnan effect across the
glomerular membrane (Table 2). It is clear that the capillary
wall has a homogenous distribution of fixed negative charges so
that Donnan equilibria exists at the surface of this membrane.
This effect plays a significant role in glomerular handling of
charged solutes. Sodium is thought to be freely filterable by the
glomerular membrane 11001. Chloride is 107% ultrafilterable as
determined in glomeruli of Munich-.-Wistar rats [100, 101].
Potassium has been reported to be in the order of 80 to 90% of
the plasma concentration 1101, 102]. Calcium and magnesium
are significantly bound to plasma proteins so that only 65% and
80%, respectively, are found in the glomerular filtrate 177, 100,
1031. About 20% of plasma phosphate is also thought to be
protein—bound, and not freely filtered through the glomerular
membrane [100, 1011. The filterability of other solutes have not
been directly examined with micropuncture techniques. Deter-
mination of the ultrafilterable concentration is important in
defining glomerular filtration and in assessing the concentration
profile along the proximal and distal tubules.
The major contribution of micropuncture has been in our
current understanding of the function of the assessible proximal
tubule. Figure 3 illustrates the concentration profile of electro-
lytes along the superficial proximal tubule. Mammalian proxi-
mal tubules consist of two readily recognizable portions, a
convoluted segment, pars convoluta, which begins abruptly at
the urinary pole of the glomerulus, and a more distal, shorter
straight segment, the pars recta, which is located underneath
Fig. 1. Schematic aspects of ruicropuncture techniques. Number 1
demonstrates the collection of tubule fluid by a micropipette. Numbers
2 (perfusion pipettes) and 3 (collection pipettes) illustrate the means by
which tubules may be continuously perfused. Number 4 illustrates the
method of perfusing peritubule capillaries. These approaches may be
used concurrently to determine tubular fuuction in a defined artificial
setting. Used with permission from Lang et al [7].
the kidney surface and is therefore not accessible to in vivo
mieropuncture. Only the early portions, delineated S1 and parts
of 52, are available for micropuncture. While the recognized
structural differences of the proximal tubute segments cannot
always be related to specific functional variations, an examina-
tion of transport patterns along the proximal tubule suggests
that such a relationship does indeed exist. A number of solutes,
present in the glomerular filtrate are preferentially reabsorhed
along the very first portion of the proximal tubule. Whereas
fluid reabsorption occurs isosmotically and without alteration in
the luminal concentration of sodium, bicarbonate ions are
reabsorbed more avidly than chloride ions in the very first part
of the proximal convoluted tubule 1104—1071. The concentration
of chloride in the tubule fluid therefore rises, and reaches its
maximum in the first 25 percent of the proximal tubular length
(Fig. 3). Other solutes are also more avidly reabsorbed in the
early segments. For instance, at a point corresponding to 15 to
20 percent of proximal tubule length, almost total reabsorption
of amino acids has taken place [1081. In addition, the concen-
trations of glucose [15, 19, 109] and lactic acid [1101 have been
drastically reduced by the time the fluid has traversed the first
30 percent of proximal tubular length. Furthermore, inorganic
phosphate is more rapidly reabsorbed along the first part of the
proximal tubule than in the later portions of this nephron
segment [56, Ill]. Evidence has also been provided that the
early proximal tubule is more effective in lowering the pH of the
tubule fluid as measured by the steeper glycodiazine gradients
that can be observed in this tubule segment [112]. Although
free—flow micropuncture is the most commonly used micro-
puncture technique, localization is important to correctly deter-
mine the concentration profile along the nephron.
The total amount of salt and water reabsorhed by the proxi-
mal tubules of the mammalian kidney is about 60 to 70% of the
glomerular filtrate. Normally, the reahsorptivc rate changes in
parallel to alterations in glomerular load, that is, the absolute
quantity of salt and water that enters the proximal tubule per
unit of time, The proportional adaptation of proximal tubular
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Fig. 2. Free—flow potential profile along rut proximal tubule. Lower
panel depicts measurements in early loops of Munich—Wistar rats with
extended scale. All data were obtained from rats of same strain, but
some kidneys had glomeruli on surface (0) and others did not (N). Used
with permission from FrOmter and Gessner [117].
reabsorption to changes in glomerular load is commonly re-
ferred to as "glomerulo-tubular balance" [55, 113]. The basis
for glomerulo-tubular balance is thought to involve; first, an
increase in protein concentration within the perituhule capillary
commensurate with the change in filtration fraction; and sec-
ond, an increase in intraluminal glucose, amino acids, carbox-
ylic acids, etc. which have been shown In stimulate sodium
uptake. The use of mieropuneture technology has provided an
understanding of these influences. The convoluted, as well as
straight proximal tubules, have a high permeability to sodium
chloride and water, which is consistent with the presence of
significant paracellular ionic shunt pathways 1114, 1151. Ionic
permeabilities have been studied by tracer techniques and by
electrophysiologic approaches [112—120]. These observations
support the view that paracellular ion movement acts as a shunt
path for electrolytes in parallel to transcellular ionic routes. The
paracellular ionic movement is presumably passive whereas the
transcellular movement is dependent, in part, on active pro-
cesses. Windhager and his associates provided direct evidence
for active transport of sodium by the method of stop—flow
microperfusion of proximal tubules of Necturus kidneys [1211.
The most important advantage of stationary or stop—flow micro-
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Fig. 3. Summary of the concentration profile of filtered electrolyles
and soluies along the superficial proximal tubule, TF/P indicates the
tubule fluid—to—plasma concentration ratio for each of the substances
except Ca and Mg where the ultrafilterable plasma concentration was
used.
perfusion is that relatively long contact times can be used,
which allows the determination of equilibrium concentrations.
Similar perfusion experiments have been performed on mam-
malian proximal tubules which can establish limiting gradients
of 30 to 50 mEq/liter between tubule fluid and blood plasma
[122—1241. The disadvantage of this technique is the volume of
the test droplet is normally less than I nI. This poses problems
with regard to chemical analysis. Additionally, the injectate
volume of 1 nl may alter local intracellular pools which are
considerably smaller than 1 nl, thus the disappearance rates
may not reflect epithelial transport in the normal state. How-
ever, in support of the stop—flow micropuncture studies, several
investigators using conventional micropuncture techniques un-
der free—flow conditions have also shown that the intact kidney
of the rat can reabsorb sodium chloride against a concentration
gradient under conditions of osmotic diuresis induced by the
infusion of mannitol [125, 1261. Reabsorptive net transport of
sodium across proximal tubule epithelium is only a small
fraction of unidirectional transepithelial sodium movement [61,
118, 119, 123, 1271. The rate of net absorption into peritubule
capillaries amounts to only some 20 percent of the unidirec-
tional sodium efflux from the tubular lumen. Unidirectional
passive backflux of sodium is remarkably high. It is likely that
most of this backflux occurs via paracellular channels and plays
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a major role in the regulation of net reabsorption of salt and
water. Unidirectional flux studies require the use of radioactive
tracers of high specific activity. Accordingly, care must be
taken to ensure that these tracers are in the free form and thus
available for transport [481.
Rector and colleagues first postulated that a sizeable fraction
of the proximal tubular reabsorption of sodium is passive in
nature [129, 130]. These studies involved the use of continuous
microperfusion of intact proximal tubules. Subsequent studies
by Fromter and Luer [131], Maude [132] and Barratt et al [133]
have provided additional support for the notion of passive
transport. Key elements in the development of this thesis were
the observations that increases in peritubule fluid bicarbonate
concentration augment proximal tubular reabsorption [134] and
that a change occurs in the polarity of the electrical profile along
the proximal convoluted tubule [117, 1331. The essential aspects
of the concept of passive reabsorption are as follows. In the
earliest segment of the convoluted proximal tubule, the cotrans-
port of sodium with glucose and amino acids generate a
lumen—negative potential difference. In the same segment,
bicarbonate is reabsorbed preferentially to chloride by a non-
electrogenic mechanism (Fig. 4). This results in increased
tubule fluid chloride concentrations at all points of the proximal
tubule beyond the initial segment (approximately 1 mm from the
glomerulus). Glucose, amino acids, and other organic solutes
that might be cotransported with sodium are reabsorbed within
the initial portion of the proximal tubules so that little substrate
remains in the part in which the tubule fluid chloride concen-
tration exceeds that in plasma water. Essential for passive
sodium chloride flux is the generation of the chloride concen-
tration gradient [CII lumen > [Cl] plasma. This gradient
renders the lumen electrically positive by generating a chloride
diffusion potential across the proximal tubule epithelium.
Hence, a driving force for sodium reabsorption is created along
that part of the proximal tubule where the chloride concentra-
tion has risen significantly above peritubule plasma levels.
A second driving force for passive sodium chloride reabsorp-
tion has been postulated to be the effective osmotic gradient of
organic solutes such as glucose, aminoacids and bicarbonate
[130, 131]. The early removal of nearly all filtered organic
compounds yields tubule fluid in the later segments that is
isosmotic but effectively hypotonic to peritubule fluid. Accord-
2.4
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Fig. 4. Tubule fluid/plasma chloride concentration ratios along the
proximal and distal convoluted tubule of six nondiuretic rats. Used with
permission from Gottschalk and Lassiter [21.
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ingly, the establishment of concentration differences for organic
solutes, and chloride in the early segments allows for passive
salt and water absorption. Rector, Seldin, tJllrich and their
respective collaborators have concluded on theoretical grounds
that a major fraction of proximal tubular sodium reabsorption in
rats is driven by the small, lumen—positive potential difference
and the effective osmotic driving force of bicarbonateacross the
main portion of the proximal tubule beyond its initial segments.
The use of continuous microperfusion has provided a clear
understanding of the role of intraluminal bicarbonate/chloride
and solute concentrations in the control of proximal fluid
absorption [135j. Although the technique is technically ardu-
ous, it has the advantages that one may artificially change the
intraluminal composition, or simply add tracer to determine
unidirectional flux rates, or uniformly alter flow rates by adjust-
ing the setting of the microperfusion pump. Accordingly, trans-
port coefficients and solute pernscahilities may be readily as-
sessed. The limitations are that the altered permeability at the
perfusion site may overestimate unidirectional transport rates
[50]. Micropuncture involves the insertion of a glass pipette
across the epithelial cell wall, thus some damage may be
expected in the vicinity of the micropuncture site and may be
perceived as an increase in electrolyte permeability [511. To
avoid this error, it is preferable to calculate transport fluxes
from the disappearance along the perfused length rather than
using the perfusion site in the flux equations.
In addition to elucidating some of the basic mechanisms, the
use of micropuncture has defined some of the controls of salt
and water transport within the proximal tubule. The question of
how proximal tubular sodium reabsorption is regulated is best
brought into focus by considering first, the inhibition of reab-
sorption observed during expansion of the extracellular fluid
volume, and second, the proportionate adjustment of proximal
reabsorption to changes in glomerular filtration rate. Clearly,
any hypothesis for the control of proximal tubular sodium
reabsorption must explain both phenomena. Two micropunc-
ture techniques have played an instrumental role in explaining
these controls. First, recollection micropuncture has been used
by Dirks and colleagues to show that extracellular fluid expan-
sion following saline infusion diminishes fluid absorption [451.
Alteration in salt and water reabsorption is presumably a
function of the balance between perituhule capillary plasma
hydraulic and oncotic pressures. Recollection micropuncture,
as the name implies, allows for the comparison of an experi-
mental maneuver with the control state. The disadvantage of
this approach is the limitation of time between control and
experimental influence; most animal preparations are stable for
only two to three hours, thus any influence acting beyond this
time is not detected, Second, direct evidence for the existence
of a peritubular capillary control mechanism was subsequently
obtained in in—vivo microperfusion studies of capillaries in
which the peritubule oncotic pressure was controlled by vary-
ing the concentration of dextran in peritubular capillary perfu-
sion fluid [60, 136]. An almost linear direct relationship was
found between the oncotic pressure of the capillary perfusate
and the rate of proximal tubule fluid reabsorption under both
free—flow conditions and in split—droplet experiments. The
results suggested that oncotic driving forces can modulate fluid
reabsorption when acting from the capillary side. In contrast,
no significant effect has been observed when oncotic forces are
applied to the luminal side of the proximal tubule epithelium
[1361. Similarly, hydraulic pressure has been shown to alter net
salt and water absorption [137, 1381. Accordingly, alterations in
both parameters. peritubular capillary oncotic pressure or hy-
draulic pressure, has profound effects on net salt and water
absorption. Both are sensitively controlled by pre- and post-
glomerular resistance. Besides offering the ability to indepen-
dently control luminal and perituhule fluid composition, the
combined perfusion of tubules and peritubule capillaries allows
for the careful control of the respective flow rates.
The mechanism of potassium handling in the proximal tubule
remains controversial [1391. Free—flow micropuncture studies
in rats and dogs have shown that the T12/PK ratio remains near
unity or slightly below 1.0 along the accessible convoluted
tubule [128, 140, 1411. However, LeGrinsellec and colleagues
have reported that the ultrafiltration of potassium across the
glomerular membrane may be in the order of 80 to 90%,
accordingly, the tubule fluid—to—ultrafilterable potassium (TF/
UFK) value may be greater that unity. No clear association of
TF/UFK+ with TF/P inulin has been demonstrated in the rat or
dog [100, 102, 1281. However, in a number of animal species,
including the chinchilla [1421, the desert rodents, Psammomys
183, 1431 and Perognathus penicillatus [144]. and the rabbit [1451
the TF/UFK value is clearly above unity. This is particularly
evident in the Perognathus and the rabbit where the TF/UFK
rises along the proximal tubule to reach 1 .4 at the end of the
accessible portion. From this data, Jamison and colleagues
have taken the view that potassium absorption is passive and
driven by a diffusional flux down a concentration gradient that
develops as a consequence of water absorption [1391.
In all animal species studied to date, the proximal tubule fluid
sodium concentration normally remains the same as plasma.
whereas calcium increases by 1.1 to 1.2-fold 183, 102, 128, 146,
1471 with respect to the ultrafilterable value (Table 2). Accord-
ingly, 54% and 47%, respectively, of the filtered sodium and
calcium are reabsorbed prior to the late proximal sampling site
(Fig. 3). The 10 to 20% elevation of tubule fluid calcium has not
been adequately explained hut is a consistent observation in all
species reported to date. The formation of nonabsorbable
intraluminal complexes of calcium has been suggested as one
method whereby the concentration may increase above the
ultrafilterable value. 1his remains to be explored further.
The luminal magnesium concentration rises sharply along the
proximal tubule with respect to the ultrafilterable magnesium
concentration (Fig. 3). Morel and colleagues were the first
investigators to demonstrate this phenomenon in the rat [83,
1471. They found a mean TFIUF magnesium ratio of 1.7 at a
point in the nephron where 50 to 55% of the sodium and water
had been reabsorbed. This appears to be a common phenome-
non in all species studied to date; it has been demonstrated to
occur in rats [83, 102, 147, 1481, desert rodents (Psammomys
obesus, Perognathus penicillatus) [32, 143, 1441, hamsters [1491.
dogs [1501, monkeys [1511, and rabbits [1451. Thus, the overall
fractional magnesium reabsorption in the proximal tubule is
some 20 to 30% of the filtered load, which is about 50 to 70% the
fractional reabsorption rate of sodium. The evidence in the rat
suggests that this is due to a relatively low permeability of the
proximal tubule for magnesium so that the reabsorption rate is
fractionally lower than sodium and the luminal magnesium
concentration rises as water is reabsorbed [152]. The profile for
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the TF/UF magnesium ratio relative to the inulin concentration
remains largely unchanged in a variety of experimental circum-
stances such as volume expansion and volume contraction
[153]. Accordingly, magnesium reabsorption in the proximal
tubule closely follows changes in NaCl and water reabsorption,
but at fractionally lower rate.
There is agreement from free—flow micropuncture studies in
the dog, rat, and other species that a larger fraction of filtered
phosphate than of sodium and water is normally reabsorbed
along the proximal tubule, so that the TFIP phosphate ratio falls
below unity, to about 0.7 [99, 101, 144, 154—161]. This TF/P
ratio of 0.7 is already attained in the earliest accessible proximal
tubule and remains virtually unchanged along the remainder of
the available proximal tubule in the face of ongoing fluid
absorption. The fluid TF/P ratio attained is highly dependent on
the controlling factors for proximal phosphate absorption;
greater than 0.7 with elevated parathyroid hormone levels,
excess dietary phosphate and the presence of metabolic acido-
sis [162, 163]. Mean values below 0.7, to as low as 0.2, have
been reported following thyroparathyroidectomy and dietary
phosphate deprivation [161, 163, 164]. Evidence has been
provided that the rate of phosphate reabsorption is greater in
the early segments in contrast to the late proximal tubule [56].
Further, phosphate flux is essentially transcellular movement
dependent on active sodium transport 1561. No firm evidence
has been provided for tubular secretion of phosphate [53, 165].
In addition to restoring a large fraction of the filtered sodium
and water to the body, proximal tubular sodium transport also
has an important role in several other tubular transport pro-
cesses. First, since a fraction of proximal sodium reabsorption
is closely associated with that of bicarbonate, a substantial
fraction of proximal tubular sodium transfer is involved in the
maintenance of a normal acid—base balance [106]. Second,
recent studies have clearly shown that sodium transport by
proximal tubular epithelium plays an important role in the
reabsorption of solutes such as glucose and amino acids by
cotransport mechanisms 1166—167]. In such a process, downhill
movement of sodium from tubule lumen into the cellular
compartment, across the luminal brush—border membranes of
proximal epithelium, provides the driving force for uphill sugar
and amino acid transport into the cell. Microperfusion studies
have revealed that these coupled processes are highly substrate—
specific [164, 166, 167]. Third, the primary active transport of
sodium by the proximal tubule epithelium, which its concomi-
tant transfer of water, also provides the driving force for the
transfer of such nonelectrolytes as urea and other similar
uncharged substances [24]. Since the tubule wall has a lower
permeability to urea than to water, the removal of fluid from the
lumen, secondary to sodium reabsorption, results in a signifi-
cant increase of urea concentration in tubule fluid, above the
levels in peritubule fluid and plasma water. The favorable
diffusion gradient thus produced results in a passive reabsorp-
tive movement of urea from the tubule lumen into blood.
Obviously, the energy—consuming step in proximal tubular area
reabsorption is the active transport of sodium, which is respon-
sible for water transfer across the epithelium.
Some evidence has been obtained for transport processes
located on the basolateral membrane of the proximal epithelial
cell. These studies have been either of an indirect nature,
through the elevation of plasma and presumably peritubule
capillary concentration while holding the luminal concentration
constant [168], or of a direct nature by perfusion of the portal
system of amphibian kidneys [169], and pentubule capillaries
[170, 171]. Ullrich and colleagues have recently used a stopped—
flow capillary perfusion to describe organic solute fluxes across
the basolateral membrane in situ [63, 64].
Reabsorption of salt and water by the loop of Henle are the
means by which the kidney adjusts the urinary osmolality. The
loop of Henle is composed of the descending limb, which is
highly permeable to water, and the ascending limb which is
impermeable to water and actively transports sodium chloride.
Micropuncture studies of the tip of juxtamedullary nephrons
have considerably expanded our view of the descending limb
[172]. It has also been an area of considerable controversy.
These debates have revolved around the issues of permeability
of the thin descending limb and the presence of active transport
in the thin ascending limb of the ioop [30, 32, 47, 173, 174].
Wirz first performed micropuncture on the exposed papilla of
hamsters [341. These observations and those of Gottschalk and
colleagues provided evidence which gave credence to the
counter—current theory [25, 34]. Tubule fluid collected at the tip
of the loop was found to be hypertonic, similar to the urine in
the adjacent collecting duct tip. Salt, principally NaCI, but also
containing significant amounts of HC03, potassium, calcium,
and magnesium, make up the major portion of the total fluid
osmolality [25, 43]. This has been confirmed in the rat using a
method developed by Sakai, Jamison and Berliner which allows
micropuncture of inaccessible regions of rat medulla following
partial nephrectomy [281. It was demonstrated that at compa-
rable levels in the medulla, the contents of the thin ascending
limb are significantly less concentrated than those of an adja-
cent descending limb [29, 173]. Data from hamster and Psam-
momys have provided evidence to support the notion that
tubule fluid is concentrated in part by water abstraction and
solute addition in the descending limb [32, 114, 1741 and diluted
by active sodium transport in the ascending limb [175—180].
Micropuncture of the superficial distal tubule has provided
some inferential data on the functional role of the ascending
limb of the cortical nephron. Micropuncture may be randomly
sampling of the late proximal and early distal fluid or the
collection may be of a paired nature from the same nephron as
described by Amid, Kuntzinger and Richet (154). Superficial
loops are short and devoid of thin ascending limbs, at least in
the rat. Free—flow micropuncture studies have shown that 25 to
40% of the filtered sodium is normally reabsorbed within the
loop and less than 15% of the filtered water; accordingly, the
fluid issuing from the loop is dilute with respect to plasma.
Active reabsorption of NaC1 devoid of water provides the
concentration—dilution potential of the kidney. As for the prox-
imal tubule a balance exists between the salt delivery to the
loop and the reabsorption rate, however the basis is different
[177, 178, 181, 182]. Sophisticated and technically difficult
microperfusion studies have provided the basis for our under-
standing of functional controls of the loop. First, the rate of
reabsorption varies directly with the salt concentration in the
lumen and the ralt concentration gradient from lumen to
intestitium. Second, Thurau, Schnermann and their colleagues
have provided evidence from microperfusion studies to estab-
lish the notion of a tubuloglomerular feedback system whereby
the individual glomeruli sense the flow rate and composition of
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the tubule fluid at the macula densa located near the end of the
loop of Henle aiid respond appropriately 1183, 184]. This has
given the impedus for further studies on the mechanisms and
disturbances of this sensitive medium [184-186]. More recently,
antidiuretic hormone and other hormones mediated through
cAMP have been implicated in control of NaCI transport by the
loop [187, 188]. Firm evidence has also been provided that
alteration of NaC] transport is associated with concurrent
changes of similar magnitudes in potassium, calcium, and
magnesium handling 1187, 189]. These micropuncture studies
suggest that these cations are dependent, in part, on NaCl
movement in the thick ascending linib, possibly due to a
common dependence on the transepithelial electrical potential.
Moreover, mieropuncture studies have provided data to en-
hance our understanding of the action of diuretics within the
loop 1128, 179, 1901.
The distal convoluted tubule is applied to those segments
between the macula densa and the first confluence with another
distal tubule; accordingly, it is composed of a number of distinct
cell types, including portions of the thick ascending limb. As the
majority of the distal tubule is accessible to the micropuncture
pipette, the tubular function of this segment has been exten-
sively studied,
Net reabsorption of sodium ions occurs against an electro
chemical gradient along the distal convoluted tubule 1124,
191—197]. Tubule fluid--to--plasma sodium ratios average 0.5 at
the beginning and 0.2 at the end of the distal tubule [1921.
Wright first demonstrated that the transtubular electrical poten-
tial difference increased along the length of the distal tubule
from about —8 mV to —45 mV [197]. Accordingly, sodium
transport is active [1981. Geitz, using the split—droplet ap-
proach, showed that net sodium transport is only one—third to
one—fifth that reabsorbed by the proximal convoluted tubule
[521. Absolute net sodium reabsorption is dependent on dcliv-
cry and enhanced by mincralocoiticoids [194, 199, 2001. The
distal tubule is highly permeable to ions winch
determines, in the main, the amount of potassium appearing in
the urine [192, 197]. Micropuncture and microperfusion studies
have also supplied ample evidence that calcium and magnesium
is absorbed in the distal tubule, and have enlightened us as to
some of the factors controlling divalent ion balance 1146,
201—205].
One of' the means by which the terminal tubule segments have
been investigated is by the mnicroinjection technique [46---481. A
small amount of fluid with labelled substance of interest is
injected into the superficial nephron and subsequentially recov-
ered in the urine. The urinary recovery of the tracer is com-
pared to that of inulin to calculate the fractional reabsorption of
the substance. Only dissappearance rates can he ascertained,
that is, unidirectional effiux rates. Mm cover. the disappearance
rates are influenced by alterations in fluid absorption which are
not assessed by this technique. It does have the advantage in
that it is relatively simple and inferential data may be obtained
in segments not accessible to direct micropuncture.
Although the nephron segments beyond the late superficial
distal tubule are not normally available to the micropuncture
pipette, some data has been directly obtained by surgical
exposure of the papilla with micropunctu re and microcatheriza-
tion studies. 'l'he microcatherization technique is unique in that
it involves the collection of tubule fluid by a catheter advanced
U the collecting duct from the tip of the papilla. 135]. lhis
avoids the issue of cellular damage entailed with micropunc-
ture. However, it is limited to the collecting duet system.
Moreover, it is difficult to ascertain if the catheter has been
wedged into the side of the collecting duct, thus impeding the
flow. Sonnenherg has minimized this by using a pliable catheter
136, 37, 39]. The major benefit of this approach is that the
proximal and late portions of the collecting system are available
for sampling. Direct micropuncture and microcatherization of
the medullary collecting duct have shown net reabsorption of
sodium, chloride, urea and water, and net secretion of hydrogen
ions and ammonia [206—209], whereas potassium is neither
secreted nor reabsoibed; at least in the antidiuretic state [36-38,
210—212]. Additionally, calcium and phosphate undergo net
reabsorption, whereas niagnesiurn is poorly absorbed in this
segment [43, 44, 213], These methods are technically very
difficult, however, they have provided direct information on
normal functions within the collecting duct system.
In summary, the rise of imcropuncture methodologies have
provided our basic understanding of tuhutar lunclion. 'the
above fleeting examples are intended to highlight the advan-
tages and perhaps the disadvantages of direct ruieropuncture
studies. Notably, with regard to deficiencies, the thick ascend-
ing limb and collecting system are unavailable for direct inves-
tigation. Nevertheless, innovative approaches have been devel-
oped to describe almost all portions of the ncphron.
We have spent sonic time ieviewirig the history of micro-
puncture and the contributions of its use; now we would like to
speculate on some of the rew approaches currently being
developed which may have future application. First, a solid
tissue punch has been developed which, when used in conjuric-
tion with the electron inieroprohe. rray provide information on
total luminal, intracellular and interstitial elemental eoncentr a—
tioris. Second, novel ion--selective resins are being developed
which, with the rise of micropuricture, will ultimately allow the
description of transmembrane ionic activities, in addition to the
electrical and pH distributions currently beirrg extensively
used. 'Ihird, the patch—clamp technique is now being widely
used to assess specific membrane conductivity in cultured cells
arid intact tubules. It is only a matter of time in which tIns
approach will he routinely used in in vivo nricropuncture.
Electron iriicroprobe analyses of solid tissue samples ob-
tained with the rise of a large niicropuncturc punch have been
used to determine total elemental composition. Potentially, this
approach offers a very sensitive method of determining elemen-
tal concentrations within the tubule lumen, cell and intcrstitir.rm
of any region within the kidney 1214—2201. IJnfortunatcly, to
date it has been fraught with dillicutties; principal among them
is fixation of electrolytes during the tissue sampling and prep-
aration. Ionic constituents diffuse very rapidly during these
procedures. Nevertheless, with proper care this approach ruiay
prove beneficial to the mnicropuneture field.
Ionic activities are, of course, essential in descrihing ltrrmda--
mental tiuxes across mcnibranes. Ion—selective electrodes have
been extensively used in micropuncture studies to determine
hydrogen ion activities 1221—2231. More recently, the develop-
merit of novel ion selective resins has allowed the deterrmrinaiiomi
of Na , K , Cl and Ca' concentrations within specific intra
and extracetlular compartrmients [224—2341. New ion—-selective
resins will allow the incasur enrent of additional ions in the
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future. Additionally, many electrodes are currently being de-
veloped to measure a variety of solutes such as glucose and
reducing substances [235, 2361. Rather than collection of fluid
and external chemical analysis this approach allows the deter-
mination of ion concentrations within the intact functioning
tubule. Thus, rapid, on the spot measurements can be made
which provides immediate assessment of tubule function as
opposed to retrospective evaluation. Accordingly, this ap-
proach may be considered micropuncture probing rather than
micropuncture sampling.
Ionic channels are integral membrane proteins that facilitate
the movement of ions, in a selective manner, across cell
membranes. Changes in the protein conformation of these
channels can turn the flow of ions on and off, thereby producing
pulses of current. The patch—clamp technique can easily resolve
these current pulses; accordingly, it is one of the most sensitive
assays known for the study of protein conformational changes.
The essential feature of the patch clamp is the isolation of a
small patch of cell membrane within the tip of a glass
micropipette [237—242]. The currents flowing into and out of the
pipette across the membrane patch are measured; with the aim
of detecting active single or multiple channels. The patch clamp
methodology has been used to study ionic currents in both
intact kidney and isolated cultured renal cells [240—2431. Studies
have also been directed at distinguishing the various channels,
for instance the separation of sodium and calcium currents [244,
2451. Akin to this approach is the technique of voltage clamping
small cells, or whole—cell patch [240, 244]. This application
involves voltage clamping small cells with a relatively large
low—resistance single electrode [246]. It promises to be a major
new tool in the armamentariun of electrophysiologists because
it allows the investigation of the electrical properties of a wide
variety of cells, both in culture as well as in the intact tissue.
In conclusion, the general application of micropuncture tech-
niques have provided a vast amount of information concerning
the functions of the kidney. As with all technical approaches,
the interest in micropuncture has waxed and waned over the
four—odd decades in which it has been used. As a broad
methodology, there is still many fundamental problems which
can be addressed within the kidney; these will necessarily
require the development of novel analytical techniques.
Reprint requests to Dr. GA. Quamme, Department of Medicine,
Acute Care Unit, Health Sciences Centre Hospital, University of
British Columbia, Vancouver, B.C. V6T / W5, Canada.
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